Snow-and glacier melt are important contributors to river discharge in high-elevated areas of the Himalayan region. Thus, it is important that the key processes controlling snow and glacier accumulation and melting, are well represented in hydrological models. In this study, the sensitivity of modelled discharge to different snowmelt parameterizations was evaluated. A distributed hydrological model that operated on a 1 × 1 km 2 grid at a daily time resolution was applied to a highelevated mountainous basin, the Upper Beas basin in Indian Himalaya, including several sub-basins with a varying degree of glacier covered areas. The snowmelt was calculated using (i) a temperatureindex method, (ii) an enhanced temperature-index method including a shortwave radiation term, and (iii) an energy balance method. All model configurations showed similar performance at daily, seasonal, and annual timescales and a lower performance for the validation period than for the calibration period; a main reason being the failure to capture the observed negative trend in annual discharge in the validation period. The results suggest that model performance is more sensitive to the precipitation input, i.e. interpolation method than to the choice of snowmelt routine. The paper highlights the challenges related to the lack of high quality data sets in mountainous regions, which are those areas globally with most water resources.
INTRODUCTION
The large Himalayan rivers, Indus, Ganges, Brahmaputra, Yangtze and Yellow river, are the main water supply for some of the most densely populated areas of the world.
The glacier-and snowmelt contribution to discharge in these regions is important and influences the availability of water for domestic, agricultural and industrial use, as well as for hydropower production (Winiger et al. ) . 
; Kääb et al. ).
Hydrological models are simplifications of the physical processes that take place in the natural environment. Different methods for snowmelt calculations exist and the choice of model complexity is determined by the objective of the study, the available data and the nature of the environment to which the model is applied (Haan et al. ) . The temperature-index method uses temperature as the sole parameter controlling snow melt, and it is widely used due to its simplicity and good performance (WMO ; Hock ). The latter is because a close correlation between temperature and shortwave radiation exists in most regions. Sicart et al. () showed, however, that for a high altitude and low latitude glacier in Bolivia, the energy budget was controlled by the net shortwave radiation and had low correlation with temperature. This indicates that in some regions, glacier-and snowmelt cannot accurately be described by temperature alone, and improved glacier-and snowmelt modelling can be achieved by taking into account the shortwave radiation. A combined temperature-radiationindex method is suggested by Pellicciotti et al. () for modelling snowmelt in the Hunza River basin in Karakoram Himalaya. The challenge using the temperature-radiationindex or a complete energy balance method is the extended need for input data. Both methods need shortwave radiation; in addition, the energy balance method needs longwave radiation, wind, and humidity data. These climate observations are not readily available, specifically not for the remote areas of the Himalayas. An alternative is the use of global data sets or remotely sensed data from which certain input data may be derived.
In this study, a gridded hydrological model is set up for a high mountainous basin in the Indian Himalayas, the Upper Beas basin. The aim of this study is two-fold: (i) to evaluate the sensitivity of simulated discharge to increased complexity in the snowmelt routine; and (ii) to assess the water balance components contribution to seasonal and annual water balance. The model applies local as well as global data sets, and three different snowmelt routines are evaluated. The area receives winter precipitation from the west by extratropical cyclones, referred to as the Western Disturbance, and summer precipitation entering the Indian continent from the Bay of Bengal, the summer Monsoon.
The basin is delineated from the Thalout discharge station in the Beas River, which is a tributary to the Indus River.
The total basin area is 4,960 km 2 , with glaciers covering about 12.6%, and an elevation range from 977 to 6,545 The glacier coverage varies among the sub-basins, from 1.5% in Tirthan to 28.3% in Parvati. Table 1 In Table 2 
METHODS
Modelling framework ENKI (https://bitbucket.org/enkiopensource/enki) is a modelling framework that allows the running of a customized hydrological precipitation-runoff model, built from a library of subroutines, for a region that is specified by geographical information system (GIS) data (grids and point networks) as described in Table 3 . The model was run on daily time steps for a grid with a spatial resolution of 1 × 1 km 2 . The model parameterizations were applied globally to each grid cell. Precipitation was interpolated using an inverse distance weighting routine with a fixed elevation gradient (PrecGrad , Table 4 ), and the temperature was interpolated using 3D kriging and a temperature lapse rate (PriTgrad, PriSDtgrad, Table 4 ). Humidity and shortwave radiation were interpolated using an inverse distance weighting routine. The actual evapotranspiration was calcu- Snowmelt was calculated by three separate routines: (i) the complete energy balance method (GamSnow routine),
(ii) the temperature index method (GamDDF routine) and (iii) the combined radiation and temperature index method (GamSRF routine). All parameter values are given in Table 4 .
GamSnow
The GamSnow routine adopts an energy balance approach as described by Equation (1) (DeWalle & Rango ):
where ΔE is the net energy flux at the surface available for snow melting, S is incoming shortwave radiation, L in and L out are incoming and outgoing longwave radiation, respectively, H SE and H L are turbulent sensible and latent energy fluxes, and E G is the subsurface energy flux. All terms are given in W·m -2 . The snow albedo (α t ) determines the amount of shortwave radiation reflected by the surface at day t, and was calculated for each time-step and grid cell. The snow albedo has a maximum and minimum value defined by the parameter α max and α min . For air temperatures above 0 W C there is a fast exponential decay in snow albedo, Equation (2), whereas for temperature below 0 W C there is a slow linear decay in snow albedo, Equation (3): 
The parameters FastDecayRate (days) and SlowDecayRate (days) can be interpreted as the time it takes for the albedo to decrease 95% of the value defined by the difference between the maximum and minimum albedo. After snowfall larger than a predefined depth (ResetSnowDepth), the albedo is reset to maximum albedo (MaxAlbedo). Glacier albedo is set to a constant.
Incoming and outgoing longwave radiations, L in and
L in is based on air temperature T a , whereas snow surface temperature T ss , calculated as T ss ¼ 1.16·T a -2.09, with 0 W C as maximum value, is used to estimate the outgoing longwave radiation. The latent and sensible heat fluxes, H L and H SE , are calculated using a bulk-transfer approach that depends on wind speed, temperature and air humidity.
The two parameters defining the wind profile, intercept 
GamDDF and GamSRF
Snowmelt M (mm·day -1 ) is in the GamDDF routine calculated according to Equation (4), and in GamSRF according to Equation (5) (Hock ; Pellicciotti et al.
where
is the shortwave radiation factor and α is the albedo. The GamSRF method uses the albedo as defined by Equations (2) and (3).
Glacier melt occurs when glaciers are exposed due to a reduction in snow cover, i.e. when the snow covered area is less than the GCA within a grid-cell. The glacier melt routine has unique parameters for α, DDF and SRF, all determined by calibration.
The soil moisture and response routines adopted are schematically similar to the HBV model (Bergstrom ) .
An overview of all parameters included their calibration range and optimized values (for those that were calibrated), are given in Table 4 . Simulated discharge is calculated by accumulating runoff from all grid cells within a basin for each time step, without any delay. In the following, the different versions of the model are named by the snowmelt routine used, i.e. GamSnow, GamSRF and GamDDF models.
Model calibration and evaluation
To separately assess the effect of the snowmelt routine on the simulated discharge, a two-step calibration procedure was performed. First, the parameters listed in Table 4 and those related to the GamSnow routine (Table 5) were calibrated. Subsequently, the calibrated parameter values related to the soil and response routines were held constant (optimized values specified in Table 4 ), whereas parameters related to snowmelt calculations (GamDDF and GamSRF) models were calibrated (Table 5) (6)) (Nash & Sutcliffe ), was chosen as the objective function. The percent bias (Pbias, Equation (7)) was used to asses volume deviation in simulated discharge (Gupta et al. ) . The correlation coefficient (Pearson's r, Equation (8)) is used to assess the linear dependency between the observed and simulated discharge (Moriasi et al. ) . Both Pbias and Pearson's r are used as analyzing tools only, and not in the optimization of the models.
where S i is simulated discharge, O i is observed discharge, i is year, O is the mean of observations and N is total number of observations.
Water balance estimation
The following water balance component, basin averages of precipitation, discharge and evapotranspiration were calculated for both annual and a monthly time resolution. The annual change in storage was calculated according to Equation (9) (Dingman ):
where P is precipitation, Q is discharge, ET is evapotranspiration, and ΔS/Δt is change in storage per time unit.
The storage term is here defined as changes in snow and gla- ).
The three models were calibrated using observed daily discharge for the period 01. 
RESULTS

Model calibration and evaluation
The model performances in terms of NSE, Pbias and Pearson's r are shown in Table 6 
Annual water balance
Time series of annual water balance components using the GamSnow model are plotted in Figure 4 for the four subbasins. Estimated evapotranspiration is a minor component. All sub-basins show a similar temporal variability show a similar decreasing trend in simulated discharge despite the precipitation decline. The observed data in Table 2 for the hydro-meteorological stations within the basin support the same general tendencies. The mean discharge is decreasing from the calibration to the validation period (∼20%), not supported by precipitation and Tirthan, both have a negative storage change. Cumulative precipitation shows that the highest precipitation was modelled for Manali, followed by Parvati, Sainj and Tirthan.
Seasonal water balance
Seasonal variation in the water balance components for the Upper Beas basin is shown in Figure 6 , using the GamSnow model. Precipitation shows two distinct peaks, one in March caused by winter precipitation, and one in July/August during the summer Monsoon. Precipitation in March is stored as 
DISCUSSION Model performance
Overall, the performance criteria shows that all models are able to satisfactorily simulate daily discharge for the cali- Tirthan, which experienced no trend in discharge.
Annual water balance
Highest precipitation was estimated for the northern subbasins Manali and Parvati, whereas lowest precipitation was obtained in Tirthan, at the lowest altitude. The precipitation dependency with altitude is described by a power-law relationship in the interpolation routine. Negi () suggests that a shadow effect occurs for the high mountains east in the Beas basin, where typically the valleys lying northeast of the basin, in Lahul and Spiti, are mountain desert areas with annual precipitation around 400 mm. It is likely that a reduction in precipitation would occur above some elevation. Overestimation of precipitation at the highest elevations will, due to all year round low temperature, be retained as snow storage, not affecting simulated discharge when temperature is stable. However, the overestimation of precipitation and the development of too large snow storage will potentially become a source of error in a warmer, future climate. In the high-elevated Parvati sub-basin, precipitation has been declining since 1998, as has observed discharge. A similar reduction is not seen in simulated discharge, which is assumed to be sustained 
Seasonal water balance
The pre-monsoon simulated discharge in March and April was overestimated by all models, indicating a too early start of model snowmelt compared to observed discharge ( Figure 7) . Precipitation in the pre-monsoon period is typically low, so discharge is mainly fed by snowmelt and hence, is dependent on simulating snowmelt satisfactory.
Thus, an overestimation of pre-monsoon discharge suggests the presence of snow at low elevations or a too early start of the melt season in the model.
Model uncertainty
Important factors contributing to the uncertainty in our modelling study include: (i) spatial interpolation based on a sparse network of station date; (ii) downscaling coarse resolution WDF data in challenging terrain; and (iii) model structure and parameterization.
Generally, the quality of input data will have a large influence on model performance. Data used in this study is largely drawn from manual measurements and hence, is subject to human errors. Precipitation measurements might under-estimate the real precipitation, and losses due to extreme precipitation or snow events under windy conditions are particularly difficult to account for ( Hence, these results are in conflict with the snow surface temperature calculations adopted in our model setup.
Wind is highly variable and dependent on local roughness in addition to the overall topography. This will influence the calculations of turbulent fluxes, and hence the surface temperature. Shortwave radiation will also be influenced by the topographic parameters, slope and aspect, which 
CONCLUSIONS
Water from glacier-and snowmelt is important for both early spring flow and peak flow during the summer monsoon in the high altitude river basins of the Himalaya.
Three different parameterizations of the snowmelt routine with varying complexity have been evaluated for the Upper Beas basin including four sub-basins. The models were run on a daily time step and a spatial resolution of 1 × 1 km 2 using a combination of local and global data sets. The following conclusions are drawn from the study:
• The three snowmelt parameterization routines performed equally well with respect to simulated discharge for the calibrated period with NSE as objective function. Variability in input data, input data processing and interpolation, likely have a larger influence on model performance than the choice of snowmelt routine.
• None of the models was able to predict the negative trend in discharge observed for the sub-basins Sainj, Parvati and Manali for the study period. This is likely caused by (i) static glacier parameterization, (ii) precipitation interpolation routine overestimating high altitude precipitation and thus, snow storage or a combination. It is noted that Tirthan, experiencing no trend in observed discharge, was better predicted.
• The water balance components showed minor seasonal differences among the models. However, discharge is 
